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PREPRINT
This paper was prepared for submittal to the A generalized trend for the phase transformations in the lanthanides can be seen, which has broad agreement with theory. There is a general agreement between theory and experiment for the structural changes in the lighter actinides, however in detail there are some discrepancies still.
We conclude that an accurate and robust theoretical base for predicting the phase transformations in the f-electron metals can be developed by incorporating the DAC data as markers for fine tuning the theory.
Introduction:
Understanding the systematics in the high pressure behavior of lanthanides and actinides is important to developing appropriate theory that can predict phase changes in f-electron metals even up to multimegabar pressures. Equations of state and phase transformations for lanthanides and actinides at room temperature were studied experimentally to multimegabar pressures (megabar = 100 GPa) using diamond-anvil cells (DAC). For the past several years with the availability of advanced computational tools, theoretical investigation has intensified for predicting the crystallographic phase transformations in f-electron metals.
Even though in a broader sense both experimental observations and theoretical predictions are in general agreement, in detail, however, there are some discrepancies. These differences are manifested more in some of the light actinide metals which have low symmetry structures at ambient conditions and are also investigated to relatively high pressures.
The purpose of this paper is to examine different conclusions arrived at for some metals from the experimental and theoretical studies and to explore what could be done to resolve the differences.
Details about our DAC experimental gear and procedures are presented elsewhere (Akella, et al. 1 ). For the structural determination at high pressures, x-ray data were collected at the National Synchrotron Light Source beam line X-17C using an energy dispersive system.
Lanthanides
Jayaraman and Sherwood 2 proposed the crystal structural sequence hcp-Sm type-dhcp-fcc for the rare-earth elements as a function of increasing pressure. Based on this, Johansson and Rosengren 3 developed a generalized theoretical phase diagram for the lanthanides. Recent experimental studies reconfirmed the structural sequence proposed by Jayaraman and Sherwood. With further increase in pressure, newer structural changes were discovered: a "six-layered hexagonal" or "distorted fcc" phase (Smith and Akella 4 and Grosshans, et al. 5 ); in Pr an orthorhombic (alpha U type) phase (Smith and Akella 6 and Grosshans, et al. 7 ); and recently a body-centered tetragonal phase (bct) for Sm at about 90 GPa (Vohra, et al. 8 ) which is similar to that in Ce (Endo, et al. 9 and Olsen, et al. 10 ). A large volume change envisioned by theory for the post-fcc structural change, however, was not experimentally observed except for Ce and Pr. Also, no discernible discontinuities in V/V o were noted (Fig. 1) over the various phase changes. These discrepancies between experiment and theory are noteworthy.
Phase diagram for the rare-earth metals compiled from our studies so far is presented in Fig.  2 . The phase diagram is remarkably similar to the revised phase diagram proposed by Krüger, et al. 11 Appearance of bct structure in Sm at about 90 GPa (see Fig. 2 ) raises the question whether there is still another structural change (post bct) at higher pressure as proposed by theory. In order to answer this query, we recently finished the study of Gd, Ho, and Tb to 130, 186, and 250 GPa, respectively, and the data are being analyzed. On the other hand, one of the 5f metals we investigated does indeed transform to a body-centered cubic structure from an intermediate phase (see under Actinides), thus reinforcing the suggestion from theory that the ultimate high pressure phase for f-electron metals could be a close packed structure.
Actinides:
There are a number of theoretical studies reported in the literature to predict the crystal structural changes in the light and heavy actinides and their pressure-volume relationships. A detailed examination of all the theoretical work is not possible here. We compare our experimental results with the theoretical calculations done recently by Eriksson and Johansson from Uppsala University, J.M. Wills and others from Los Alamos National Laboratory, and Söderlind and Moriarty from Lawrence Livermore National Laboratory.
Wills and Eriksson, 12 and Eriksson, et al. 13 have done calculations for Th, Pa, and U, and Th, respectively. Söderlind, et al. 14 extended these calculations to all the lighter actinides in order to develop a unified picture. These calculations were done by means of first-principles total-energy calculations using the linear 'muffin-tin' orbital method with a self-consistently calculated potential. 15 The only input data for their calculation, as reported by them, are the atomic number, the crystal structure and the atomic volume.
In the case of thorium, Eriksson, et al. 13 calculations could confirm the experimentally determined crystallographic phase transition from fcc → bct, albeit at a slightly high pressure 100 GPa versus experimental 72 GPa 16 . For another lighter actinide Np, the structural sequence with increasing pressure from theory 17 was orthorhombic → (bct) → bcc. Calculations failed to predict a stability region for the bct neptunium phase, however experimental data showed an intermediate phase between the orthorhombic and the bcc, which has a narrow stability region and is considered to be a body-centered tetragonal structure (experiments for a positive reconfirmation are planned). The conclusion arrived at so far from experiments is that the ultimate high pressure and room temperature structure for Np is bcc, and this may not be the same as the bcc at low pressure and high temperature, i.e. before melting.
The predicted crystal structure sequence from theory for uranium is alpha u (orthorhombic) → bct → bcc. The first transformation from alpha uranium to body-centered tetragonal phase is predicted to be at 80 GPa pressure. Experimentally in uranium no phase change could be detected even up to very high pressures at room temperature. However, the axial ratios plotted in Fig. 3 do indicate that the compressibilities of a and b axis flip around 80 GPa.
The fortuitous intersection of the a/ao and b/bo axial ratios at about 100 GPa pressure is approximately the pressure at which bct structure was predicted by theory. However, unfortunately this observation does not confirm the theoretically predicted orthorhombic to bct structural phase change in uranium.
Discussion:
Even though there is general agreement between theory and experiment for the structural changes in the lanthanides and actinides, there are discrepancies still, particularly in the lighter actinides. They need to be resolved for a better agreement, so that theory can be improved.
The discrepancy between theoretical prediction and the experimental observation regarding the structural change in uranium is noteworthy. Söderlind, et al., 18 used fixed values of b/a and c/a (as observed at ambient pressure) in their total energy calculations on the orthorhombic phase. Presumably, optimized b/a and c/a values would lower the orthorhombic total energy at high pressure, possibly eliminating the intermediate bct phase. It is also interesting to note that so far uranium is the only lighter actinide which does not go through a structural phase change at room temperature and high pressures.
If the predicted structural change in uranium is an extremely sluggish phase transformation at room temperature, possibly it could be missed experimentally. In such a case, if experiments are conducted at slightly elevated temperatures , the transformation may be accelerated. A concurrent effort to redo theoretical calculations, utilizing the experimentally determined axial and volume compression data under pressure as markers, could resolve the structural transformation discrepancy, and may also shed light on the differences in the high pressure behavior of uranium compared to other lighter actinides. We are at present focusing on that goal. 
